The increasing application of heat-sensitive microelectronic components such as a multitude of transistors, polymer-based microchips, and so on, and flexible polymer substrates including polyethylene terephthalate (PET) and polyimide (PI), among others, for use in wearable devices has led to the development of more advanced, low melting temperature solders (<150°C) for interconnecting components in various applications. However, the current low melting temperature solders face several key challenges, which include more intermetallic compound formation (thus become more brittle), cost issues according to the addition of supplementary elements to decrease the melting point temperature, an increase in the possibility of thermal or popcorn cracking (reliability problems), and so on. Furthermore, the low melting temperature solders are still required to possess rapid electronic/electrical transport ability (high electrical conductivity and current density) and accompany strong mechanical strength sustaining the heavy-uploaded microelectronic devices on the plastic substrates, which are at least those of the conventional melting temperature solders (180-230°C). Thus, the pursuit of more advanced low melting temperature solders for interconnections is timely. This review is devoted to the research on three methods to improve the current properties (i.e., electrical and thermomechanical properties) of low melting temperature solders: (i) doping with a small amount of certain additives, (ii) alloying with a large amount of certain additives, and (iii) reinforcing with metal, carbon, or ceramic materials. In this review, we also summarize the overall recent progress in low melting temperature solders and present a critical overview of the basis of microscopic analysis with regard to grain size and solid solutions, electrical conductivity by supplementation with conductive additives, thermal behavior (melting point and melting range) according to surface oxidation and intermetallic compound formation, and various mechanical properties.
Introduction
More advanced solder bumps with low melting temperatures are crucial for use in flexible, bendable, and stretchable interconnection technology [1, 2] . In particular, the use of wearable devices requires the development of novel solders that can be reflowed at low temperature to avoid thermal damage to the usually temperature-sensitive components in these flexible devices, such as organic light-emitting diodes (OLEDs), polymer light-emitting diodes (PLEDs), and so on [3] [4] [5] [6] . Thus, it is worthwhile to design a low melting temperature solder for more advanced interconnection technology and thus to impart more reliability to the solder bumps between future organic-or polymer-based microchips and flexible substrates.
Furthermore, the continuous pursuit of multifunctionality in microelectronics has caused a significant increase in the number of solder bumps, to the level of 10,000 per chip [7] . It also has decreased the bump size to as small as 20 μm [7] . Thus, solder bumps with enhanced electrical and thermomechanical properties are needed to meet these demands. With these uses in mind, the properties of conventional solder materials with high melting temperatures (180-230°C) have been under scrutiny due to their reference characteristics, and whether implementing currently used soldering methods or inventing new ones, solution strategies to overcome problems associated with novel solder materials have been implemented.
In this chapter, we focus on the electrical and thermo-mechanical properties of novel solder materials with a specific range of low melting temperatures (<150°C). Emerging carbon reinforcement materials, such as carbon nanotubes (CNTs), graphenes, and their nanocomposites, are also briefly discussed and linked to the increasing development of composite solder materials (in addition to their low melting temperatures). In particular, strategies for improving the performance of solder materials are proposed, along with the provision of insight into classic metallurgy principles. To engineer the properties of low melting temperature solder materials in intended directions, new approaches using nanostructures, nanocomposites, alloying, and doping are also suggested.
Syntheses and/or fabrications of low melting temperature solders
In this section, we show how low melting temperature solders, consisting of various elements with higher melting temperatures, such as Sn (melting point of 231.9°C), In (melting point of 156.6°C), and Bi (melting point of 271.5°C), can be fabricated and/or synthesized using metallurgy principles or nanotechnology theory [8] . For example, the formation of an eutectic alloy with 42 wt.% Sn and 58 wt.% Bi can lead to a melting point decrease to 138°C due to the shift to the eutectic temperature [3, 4] . Due to the melting point drop according to the size decrease, the size reduction effect can also be used to synthesize a low melting point solder [4] .
Low melting temperature Sn-In solder nanoparticles were successfully synthesized through a surfactant-assisted one-step chemical reduction method [9] . Different synthesis parameters, including pH, stirring speed, and surfactant concentration, were used to control the size, shape, and uniformity of the Sn-In solder nanoparticles [9] . At low In composition (20 wt.% In), the Sn-In solder nanoparticles were composed of InSn 4 alloy and β-Sn phase [9] . When the In content increased to 30 wt.%, the Sn-In solder nanoparticles were composed mainly of InSn 4 , with a melting temperature of 115.5°C [9] . This low melting temperature indicates a new eutectic point for the Sn-In solder nanoparticle system, which is lower than that of the bulk alloy system (around 50 wt.% In) [9] . At higher In compositions, the Sn-In solder nanoparticles are composed of both InSn 4 and In phase [9] .
To increase the compatibility and usefulness of the low melting point solder, eutectic Bi-43Sn nanowires with diameters of 20, 70, and 220 nm were fabricated by a hydraulic pressure injection process using anodic aluminum oxide templates [10] . Their microstructure investigation showed that the fabricated nanowires are composed of alternating Bi and Sn segments along the wire axes [10] .
Novel Sn-Bi nanocomposites reinforced with reduced graphene oxide nanosheets (RGONs) were successfully fabricated by a simple, scalable, and economical electrochemical deposition method [11] . The Sn-Bi nanocomposites, reinforced with reduced graphene oxide nanosheets, had fine grain size as well as reduced graphene oxide nanosheets dispersed throughout the Sn-Bi matrix [11] .
For the microstructural transformation and thermoelectrical improvement of Sn-Bi solder, MWCNT was reinforced using the electrochemical codeposition method [11] . Electron microscopy analysis can confirm that pristine MWCNTs were trapped in the deposited composites [11] .
Bi-based solder powders with three chemical compositions (binary Bi-Sn, ternary Bi-Sn-In, and quaternary Bi-Sn-In-Ga alloy systems) were fabricated using a gas atomization technique; subsequently, the powders were further ball-milled to fabricate smaller-sized particulates; in particular, the diameter of those in the Bi-Sn-In-Ga powders became less than 10 μm with an irregular shape due to the nature of intrinsic brittleness, the degree of surface oxidation, and the formation of Ga intermetallic compound (IMC), all of which produced fractures of the Ga-containing powders [3] .
Ternary Bi-Sn-In micropowders and nanoparticles were prepared as a composite solder material via gas atomization process and a chemical reduction method, respectively [3, 4] . To be specific, two types of Bi-based micropowders, composed of binary Bi-Sn and ternary merits, including high wetting behavior, large creep resistance, and low coefficient of thermal expansion [12] [13] [14] . However, the relatively low mechanical strength and melting temperature (138°C) of these materials require improvement for their more effective use in flexible interconnection applications [3, 15] . Comparatively, Sn-In solder, which has a low melting temperature (118 °C), has excellent electrical and thermal properties [12, 16] . However, the price of In is very high, and this material includes high amounts of IMCs, which degrade the mechanical properties of the solder [16] . Thus, the incorporation of additives, including alloying, doping, or the use of reinforcement materials, into Sn-Bi or Sn-In alloy systems has been considered a useful strategy for improving the mechanical properties.
Microstructure with regard to grain size and solid solution
The microstructure reflects the mechanical properties of a solder [15] [16] [17] [18] [19] [20] [21] . Based on the microstructural analysis of low melting point solders, specific phases and their distribution in the microstructure can be observed, and these characteristics can be used to describe intended properties [15] [16] [17] [18] [19] [20] [21] . In this section, we show how the microstructure of low melting point solders is altered by the incorporation of an additive, especially with regard to grain size and solid solution.
The representative microstructure of eutectic Sn-Bi alloy is shown in Figure 1 ; in this structure, granular Sn-rich grains and similarly granular Bi-rich grains can be seen. The dark and bright gray regions are Sn and Bi, respectively; these regions appear as interlocked lamellar structures. Upon incorporation of an additive into the Sn-Bi solder, the solder microstructure was found to be remarkably transformed due to the formation of finer grains or the presence of new solid solutions or precipitates. Usually, a plausible explanation for this is that Sn-and Bi-rich grains are heterogeneously nucleated in the formation of certain IMCs. For example, Mokhtari et al. demonstrated that the addition of In or Ni can modify the microstructure of Sn-Bi solder; in particular, the addition of 0.5 wt.% In was able to suppress the coarsening of the Bi-rich phase, which means that the Sn-Bi-0.5In solder comprised primary Sn dendrites and eutectic phases [13, 15] . Comparatively, Ni appears to have been included in the Sn phase since Ni-containing Sn-Bi solder exhibited eutectic phases and the Ni 3 Sn 4 IMC but did not show any sign of coarsening due to the Bi-rich phase. Figure 2 exhibits the cross-sectional microstructure of a Sn-40Bi-2Zn-0.1Cu solder alloy composed of Sn-, Bi-, Zn-, and Cu-rich phases. For the cooling (solidification) process of the Sn-40Bi-2Zn-0.1Cu solder alloy from the liquid state, the following procedure took place: L (liquid) → L + primary Sn → primary Sn + eutectic (β-Sn + Bi-rich) + eutectic (β-Sn + Zn-rich) → primary Sn + secondary precipitated Bi + eutectic (β-Sn + secondary precipitated Bi + Bi-rich) + eutectic Figure 1 . SEM micrographs of (a) eutectic Sn-Bi, (b) Sn-Bi-0.5In, and (c) Sn-Bi-0.5Ni [15] .
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(β-Sn + Zn-rich). Different from the reference Sn-40Bi-0.1Cu solder alloy, Cu 6 Sn 5 precipitates were not found in the Sn-40Bi-2Zn-0.1Cu solder because Cu reacts more strongly with Zn than Sn does; thus, all of the Cu was consumed in the formation of Cu-Zn IMCs [17] . These results were also very similar to the studies of Islam and Li [22, 23] . According to the X-ray diffraction (XRD) and energy dispersive spectroscopy (EDS) analysis, globular CuZn 2 and blocky Cu 5 Zn 8 precipitates were formed in Sn-40Bi-2Zn-0.1Cu solder; in particular, Zn atoms segregated between the Sn-and Bi-rich matrices and reacted with Cu atoms to form Cu-Zn IMC particles [17] . Figure 3 shows the microstructures of the Sn-58Bi and Sn-Bi-Sb alloys. The Sn-58Bi alloy shows a typical eutectic structure. The dark region is the Sn phase; the white region represents the Bi phase. For the Sn-Bi-Sb alloys, each part contains two phases, the dark and the light phases shown, respectively, in the images. When the Bi content changes, the proportion of each structure does not greatly change. However, the proportion of quasi-peritectic structure increases, as the Sb content increases [18] . For the Sn-Bi-Sb alloy, the intensity of the Sn-rich phases increased when the Sb content increased [18] .
The near eutectic solder (In-50Sn) is presented in Figure 4a , showing a cross-sectional microstructure consisting of a combination of lamellar and irregular phases. In particular, the presence of a mixture of Sn-rich and In-rich phases and the In 3 Sn IMC was determined by XRD and EDS analyses. Comparatively, Figure 4b shows the cross-sectional microstructure of the In-30Sn solder, which consisted of only two specific phases: an In-rich phase and the In 3 Sn
IMC but the absence of Sn-rich phases and/or other Sn IMCs [16] .
As can be seen in Figure 5 , the interfacial bonding of low melting temperature Sn-In solder on the Cu substrate is presented according to the reflow temperature and duration. The reflow at 180°C for 20 min selected was the optimal condition due to the high bonding strength of 6.5 MPa and the interfacial layer with less microvoids or mechanical cracks [20] . Especially, the reflow temperature of 180°C was high enough for the active diffusion of the low melting temperature solders, although they were dissolved in the Cu substrates and formed IMCs such as Cu 6 (Sn, In) 5 and Cu 11 (In, Sn) 9 [20] . Therefore, the joint can sustain high service temperatures because it is formed completely from these IMCs.
Chen et al. determined the interfacial reactions in Sn-51In, Sn-20In, and Sn-20In-2.8Ag on Ag substrates reacted at various temperatures, with results shown in Figure 6 [21] . Particularly for the Sn-51In/Ag couples, the reaction products are AgIn 2 and Ag 2 In phases at 150°C and 100°C; only Ag 2 In is formed at lower temperatures [21] . Due to the formation of different reaction phases, the reaction layer in the Sn-51In/Ag couples grows more slowly at 100°C than is the case for samples reacted at lower temperatures [21] . The interfacial reaction rates in the Sn-20In/Ag couples are much slower than those in the Sn-51In/Ag couples [21] . In the Sn-20In/Ag couples, the ζ-phase is formed at 250°C, and both ζ-Ag/AgIn 2 phases are formed at 125°C; however, no noticeable interfacial reactions are observed to have reacted at 75 and 100°C over a period of 1440 h [21] .
The species of IMCs at the interface between the eutectic Sn-In solder and the single crystalline Cu substrate were systematically investigated using scanning electron microscopy (SEM) (Figure 7) . After reflowing at 160°C for 5 s, two kinds of IMC were formed in three sublayers from the solder to the substrate side; the formed materials were a Cu(In, Sn) 2 layer with tetragonal crystal structure, a coarse-grain Cu 2 (In, Sn) sublayer, and a fine-grain Cu 2 (In, Sn) sublayer with hexagonal crystal structure [24] . The morphology of the Cu(In, Sn) 2 grains is chunk type, the largest grain size. In the process of increased liquid soldering, this Cu(In, Sn) 2 layer is prone to spalling into the solder, leaving a duplex structure of Cu 2 (In, Sn) as the dominating IMC, which should be paid attention during phase identification [24] . The fine-grain Cu 2 (In, Sn) shows a granule-type morphology with the smallest grain size; this material distributes homogeneously on the entire Cu substrates [24] . However, coarse-grain Cu 2 (In, Sn) is substrate dependent and has an elongated morphology on single crystalline Cu surfaces [24] .
The SEM micrographs (Figure 8) show Sn-58Bi solders doped with different weight fractions of graphene nanosheets (GNSs). In particular, Figure 8a shows the typical lamellar structure of the eutectic Sn-58Bi solder, in which the dark regions represent the Sn-rich phase, while the white regions represent the Bi-rich phase. Compared to the standard Sn-58Bi solder alloy, the microstructure of the composite solder is refined due to the increased content of graphene nanosheets, as shown in Figure 8b -e. The average grain size of the pure sample was about 1.6 μm, which is higher than that of the graphene nanosheet-doped solder samples [19] . The size reductions of the Sn-58Bi-graphene nanosheet (0.01, 0.03, 0.05, 0.1 wt.%) solders were about 28, 55, 30, and 32%, respectively [19] . These results indicate that the growth of grains was suppressed, and the microstructure of the Sn-58Bi solder alloys was refined by the addition of graphene nanosheets; in addition, the solder alloy with 0.03 wt.% graphene nanosheet addition showed the smallest average grain size [19] . The microstructure of local refinement can be found in Figure 8b for the 0.01 wt.% graphene nanosheet addition; meanwhile, uniform refinement of the structure and small Bi grains appear in the Sn-58Bi reinforced with 0.03 wt.% graphene nanosheets, shown in Figure 8c . These images indicate that the growth of grains can be suppressed by the presence of graphene nanosheets, which is caused by the high barrier of graphene nanosheets against the diffusion of metal atoms [19] . However, with more graphene nanosheets introduced, the growth of metal grains along the surface of the graphene nanosheets can be promoted [19] . As a result, the distinct feature of the uniformly distributed dendritic structure in Sn-58Bi reinforced with 0.05 wt.% graphene nanosheets can be seen in Figure 8d ; this structure shows that graphene nanosheets can promote the growth of Bi dendrites. Moreover, local grain aggregation recurs and partial grains growth follows an inverse pattern when the content of graphene nanosheets reaches 0.1 wt.%, as shown in Figure 8e . This result is attributed to the increasing addition of graphene nanosheets, which undergo effective bonding with solders [19] . 
Electrical conductivity modification by supplementation with conductive additives
cd, Sb, cu, Ag, Zn, in, Ni, and carbon nanomaterials
The solder bump size on a packaging substrate decreases as a result of the electronic components being miniaturized [25] [26] [27] [28] . Simultaneously, the pitch distance drops to the submicron level [27, 28] . The pin count increases to meet the demands of rapid signal transmission and high current load [28] . Thus, the electrical property of a solder becomes one of the most important factors [29] [30] [31] . In the literature, however, there is not much research on the electrical properties of low melting point solders. Thus, determining the electrical property for a low melting point solder can be of great use to researchers and engineers, especially those who design solder alloys. Meanwhile, the eutectic Sn-Bi solder has a relatively high electrical resistivity of 30-35 μΩ·cm due to the electrical resistivity of Bi (115 μΩ·cm), while the eutectic Sn-In solder has a very low electrical resistivity of 10-15 μΩ·cm due to the electrical resistivity of In (8 μΩ·cm) [30] . . SEM micrographs of (a) Sn-58Bi, (b) Sn-58Bi-0.01GNSs, (c) Sn-58Bi-0.03GNSs, (d) Sn-58Bi-0.05GNSs, and (e) Sn-58Bi-0.1GNSs [19] . The incorporation of carbon nanomaterials with graphene structures can also impart much more rapid electron transfer than that can be obtained using conventional Sn-Bi solder [32] . Subsequently, reinforcement with carbon nanomaterials having high thermal conductivity can be used to tailor a network structure to effectively transfer the outer thermal energy to the solder matrix [32] . Figure 11 shows the calculated current efficiency versus different MWCNT additions in the solder alloy. This implies that the current efficiency is dependent on the concentration of the solder constituent electrolytes [32] . This is mainly due to the increased hydrogen evolution caused by lower ion concentration in the vicinity of the nucleation/deposition sites [32] . On the other hand, the addition of MWCNTs into the solder alloy reduces the current efficiency because pristine MWCNTs are trapped in the deposited composites [32] . Due to the bridging effects of trapped MWCNTs, the Sn-Bi-CNT composite is denser than the pure Sn-Bi alloy [32] .
Thermal behavior (melting point and melting range) according to surface oxidation and intermetallic compound formation
Near-future generations of electronics are expected to be flexible, bendable, and wearable [1] . The use of flexible devices requires the development of a novel solder that can be reflowed at a low temperature to avoid thermal damage to these flexible devices, which usually have temperature-sensitive components [3, 4] . In addition, the melting point of a solder alloy should be the first priority for consideration when it comes to the manufacturing process [3, 4] . Meanwhile, the eutectic point (usually, the low melting point) in a binary phase diagram is where a liquid phase and two solid phases can coexist at equilibrium. Thus, a large number of low melting point solders with eutectic compositions are mostly used for flip chip solder joint applications between microchips and substrates. Figure 12 shows the solidus and liquidus temperatures, and the differences between both temperatures, referred to as the melting range of Sn-58Bi-xNi (x = 0.05, 0.1, 0.5 and 1.0 wt.%) solder alloys.
The addition of Ni apparently lowered the solidus and liquidus temperatures [29] . This phenomenon was attributable to the fact that the addition of small amounts of Ni altered the composition of the alloy to resemble the eutectic composition of the ternary Sn-Bi-Ni alloy system [29] . 
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Using the differential scanning calorimetry (DSC), when the content of In was increased to 23.8 wt.%. Kim et al. determined that the prominent endothermic peak of the Bi-Sn-In powders shifted to 82.0°C from that of the Bi-Sn powders, which have a peak at 139.6°C [3, 4] . The continuous addition of 4.8 wt.% Ga shifted the peak even more to 60.3°C. Meanwhile, there was a slight broadening in the solidus line of the melting peak of the Bi-Sn-In solder powders mainly due to the formation of an In-rich phase [3] . Furthermore, the formation of new Ga0.9In0.1, BiIn, and In0.2Sn0.8 IMCs according to the addition of 4.8 wt.% Ga to the Bi-Sn-In solder alloy system also influenced the melting range broadening [3] . Kim et al. also
show that ternary Bi-Sn-In nanoparticles, with a 71.1°C melting temperature, entered among the intervals of the higher melting temperature (79.4°C) micropowders and then reflowed at 110°C on a flexible polyethylene terephthalate (PET) substrate [4] .
The fundamental thermal properties of Sn-58Bi-xZn (x = 0 and 0.7 wt.%) solder alloys were also analyzed by DSC, with results as shown in Figure 13 . The results indicate that the solidus temperature of solder alloys slightly decreased with the addition of Zn content [33] . The reduction in solidus temperature of solders can probably be attributed to the increase in the surface instability due to the higher surface energy induced by the addition of Zn [33] .
As can be seen in Figure 14a , the eutectic solder (In-Sn) had a low melting point of 118.5°C and a narrow melting range. The DSC curves of the hypo-eutectic Sn-70In and eutectic Sn-Bi solders were also presented in Figure 14b and c, respectively. In addition, the Bi53-Sn26-Cd21 solder presented in Figure 14d had the lowest melting temperature and a narrow melting range; thus, this solder had more active phase transformation than the others. The solidus temperatures, liquidus temperatures, and mushy temperature zones of Sn-58Bi, Sn-40Bi-0.1Cu, and Sn-40Bi-2Zn-0.1Cu solder alloys are collected in Table 2 . The melting peak of the eutectic Sn-Bi solder decreased from 139.0 to 132.2°C according to the addition of a small amount of Cu; however, the addition of 2 wt.% Zn into the Cu-containing solder imparted a slight increase in the melting point (136.3°C) of the Sn-40Bi-2Zn-0.1Cu solder [17] . Thus, the addition of Cu decreased the melting point of the Sn-Bi-based solder, while the addition of Zn provided the reverse effect (melting temperature increase) [17] . Moreover, Cu addition decreased the melting range of the Sn-Bi-based solder from 27.2 to 22.0°C, while the addition of Zn to Sn-40Bi-2Zn-0.1Cu increased the melting range slightly to 23.1°C [17] . The thermal conductivity of the Sn-40Bi-2Zn-0.1Cu solder of 24.51 W/(m·K) was the highest, while the Sn-40Bi-0.1Cu solder took second place with a value of 20.48 W/(m·K). Zn and Cu additions obviously improved the thermal conductivity of the Sn-Bi-based solder alloy [17] . Aksoz et al.
reported that the thermal conductivity of pure Zn is 116 W/(m·K), which is higher than those of pure Bi (8 W/(m·K)) and pure Sn (67 W/(m·K)) [34] . This is the reason that the Sn-40Bi-2Zn-0.1Cu solder has the highest thermal conductivity [34] . The temperatures of the endothermic peaks of the nine Sn-Bi-Sb alloys are shown in Table 3 . All the main peaks appear at around 147°C. The melting range of all the Sn-Bi-Sb alloys is larger than that of the eutectic alloy [18] . Side peaks are observed in many DSC profiles of the Sn-BiSb alloys [18] . As the Bi content is reduced, the melting range obviously becomes large. Meanwhile, the melting range and the liquidus temperature reached maximum values for the composition of Sn-48Bi-1.8Sb and then started to drop when Sb content changed [18] . The melting range may be attributed to the fact that the proportion of the eutectic structure will change when Bi or Sb content changes [18] . For the liquidus temperature, it was found that the primary phase changes to the β-Sn phase, when the Sb content is more than 1.8% [18] . The presence of second phase implies that the remaining primary phase continues to melt after quasi-peritectic reaction [18] . Figure 15 shows the variation of the melting point of composite solder alloys with different dopant contents (both CNTs and Ni-CNTs) compared to the melting point of the Sn-57.6Bi-0.4Ag solder (about 140°C). It can be found that all the melting points were within the range of 139.3-139.6°C [35] . It has been reported that both CNTs and Ni-CNTs have an effect of reducing the melting point of solder alloys [35] . In particular, with the combined effect of CNTs and Ni-CNTs doped Sn-57.6Bi-0.4Ag solder alloys showed relatively lower melting points than those of CNTs doped solder alloys [35] . However, such small additions of CNTs and Ni-CNTs cannot have a significant influence on the melting point of Sn-57.6Bi-0.4Ag solder alloy [35] . Figure 16 shows the DSC endothermic peaks of Sn-Bi nanocomposites reinforced with 0.02 or 0.05 g of reduced graphene nanosheets. While a large endothermic peak corresponding to the melting reaction in the range of 139.0°C of Sn-Bi solder has been observed, it was found that the melting point of Sn-Bi nanocomposites reinforced with reduced graphene nanosheets was about 139.0°C, which indicates that there was no significant effect on the thermal behavior of the nanocomposite solder, despite of the addition of reduced graphene nanosheets [11] .

Mechanical properties
The durability and reliability of electronic products, as related to the mechanical properties of the solder joints, have become very important [13, [36] [37] [38] [39] [40] [41] . This is especially true for portable, wearable devices, which frequently experience mechanical shock loadings caused by external forces [4] . Particularly for drop tests, during which the strain rate is very high, high mechanical shock resistance of solders is needed for these materials to fulfill their roles of structural materials. In addition, low melting point solders experience significantly high stresses during the reflow process owing to thermal gradient difference [3, 4] . Thus, there has been continuous interest in better understanding of the mechanical properties and in inventing high durability and reliability low melting point solders. One frequently utilized way to influence the mechanical properties of low melting point solder joints in a given system is to either alloy the materials or add small or large amounts of additional elements. In particular, any metal oxides or impurities may have marked effects on the mechanical properties of low melting point solders. Additional elements can fundamentally influence the mechanical properties of low melting point solders. First, additional elements can have an influence on the mechanical properties of the interfacial reactions between the solder and the substrate. Second, additives can positively change the mechanical properties of low melting point solders. Third, they can impart negative side effects, which result in a sacrifice of other mechanical properties of low Table 3 . Thermal behaviors of standard Sn-58Bi alloy, Sn-52Bi-1.8Sb alloys, and Sn-48Bi-xSn alloys [18] .
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melting point solders. In this section, therefore, we report on a number of investigations about the effects of different alloying elements, as well as the effects of metal oxides or impurities, in low melting point solders. After the addition of 0.05 wt.% Cu 6 Sn 5 nanoparticles in Sn-Bi solder, the tensile properties of the solder underwent brittleness caused by a change in ductility [36] . However, nanoindentation testing revealed that the creep resistance of the Sn-Bi-Cu 6 Sn 5 solder is enhanced through the creep mechanism transformation [36] . In corrosion experiments, samples with Cu 6 Sn 5 nanoparticles exhibit a lower corrosion rate [36] .
Adding different sized Ag nanoparticles to a eutectic Sn-Bi alloy system refined the grain (microstructure), suppressed the growth and expansion of the interfacial IMCs, and increased the shear strength of the solder joint [38] . To be specific, the reinforcement with 76 nm Ag nanoparticles refined the microstructure by 49.1% and enhanced the microhardness by 12.2% compared to the standard Sn-Bi solder because the extent of the formation of the Cu-Sn IMC decreased from 0.394 to 0.339, suppressing the IMC thickness by 39.7% and improving the shear strength by 18.9% after reflowing at 220°C for 180 min. However, after the addition of both larger (133 nm) and smaller (31 nm) Ag nanoparticles, such thermomechanical properties improvements were lower than those of the solder having 76 nm Ag nanoparticles [38] . These improvements might have been due to refinement and dispersion strengthening and adsorption [38] . In fact, although the solder with smaller Ag nanoparticles should have had higher property improvements than those with larger ones, the agglomeration of the smaller sized Ag nanoparticles deteriorated the overall solder's properties and reduced the practical improvements [38] . Overall, an optimal particle size was proposed to balance the theoretical improvement and the agglomeration weakening; this size generated the best real improvement [38] . 
Recent Progress in Soldering Materials 26
The reinforcement effects of the Al 2 O 3 nanoparticles in Sn-58Bi solder were investigated from the aspects of electromigration, shear strength, and microhardness [39] . The experimental results show that the Al 2 O 3 nanoparticles significantly improved the mechanical performances of the solder joints. The addition of Al 2 O 3 nanoparticles reduced the thickness of the Bi IMCs along the interfacial layers [39] . More specifically, the growth rate of the IMC thickness according to the addition of Al 2 O 3 nanoparticles decreased by 8% compared with that of pristine solder [39] . Furthermore, the microhardness of Al 2 O 3 -containing solder exhibited better performance than that of pristine solder according to aging time [39] . On the other hand, the addition of Al 2 O 3 significantly improved the shear strength of the solder joint after aging for 48 and 288 h [39] . More specifically, after the solder was aged for these time periods at 85°C, the amplitudes of the shear strength increased by 3.5% and 2.4%, respectively, because unlike the smooth surface of the pristine solder, the surface of the Al 2 O 3 -containing solder showed a ductile failure (fractured) state [39] .
To improve the mechanical behaviors of a Sn-58Bi/Cu joint, a minor amount of elemental Zn was alloyed into the Cu substrate [40] . The interfacial IMC growth and bending properties of Sn-58Bi/Cu and Sn-58Bi/Cu-2.29Zn were studied according to the effect of isothermal liquid and solid aging [40] . Although there was no significant change in the composition, thickness, or morphology of the interfacial IMC under liquid aging, the depressing of IMC growth at the interface between the Sn-58Bi solder and the substrate and the avoidance of the formation of Cu 3 Sn IMC, Kirkendall voids, and Bi segregation at the IMC/Cu interface were realized for the Cu-Zn substrate under isothermal solid aging [40] . Joint strength and fracture behavior were also improved when using the Cu-Zn substrate [40] . There was no obvious decrease in the joint strength, and fracturing during bending was found mainly to occur in the solder matrix with ductile fracture mode or along the solder/IMC interface with partly brittle fracture mode for the Cu-Zn joint; these behaviors can be compared with the dramatically decreased joint strength and brittle fracture mode that occurred along the interface between IMC and Cu in Sn-Bi/Cu joints after aging [40] .
Sn-57.6Bi-0.4Ag solder was reinforced with tungsten (W) nanoparticles at a concentration of 0.5 wt.% [41] . Due to the dispersion of W nanoparticles and the consequently refined microstructure, the mechanical properties of the solder alloy were enhanced, as indicated by the 6.2% improvement in the microhardness [41] . During electromigration, the segregation of the Sn-rich and Bi-rich phases and the accumulation of an (Au, Ni), (Sn, Bi) 4 layer at the cathode interface were also alleviated by the addition of W nanoparticles, which improved the electromigration resistance [41] .
The tensile properties of eutectic Sn-Bi, Sn-Bi-0.5In, and Sn-Bi-0.5Ni solder alloys, and their shear strength as Cu/solder/Cu joints were investigated [15] . The addition of 0.5 wt.% Ni decreased the elongation property of the Sn-Bi alloy because of the formation of Ni 3 Sn 4 IMCs [15] . The In-bearing solder alloys exhibited the greatest elongation among all the tensile-tested solder alloys [15] . The eutectic Sn-Bi and Ni-bearing solder joints exhibited degraded shear strength owing to the formation of coarsened Bi-rich phases [15] . The thermally aged Sn-Bi solder joints on Cu substrates exhibited a harshly fractured surface structure in the IMC layers at the interfacial boundaries, whereas the thermally aged In-and Ni-containing Sn-Bi solder joints showed a smoothly fractured surface structure because of the growth suppression of Cu-Sn IMCs [15] . In particular, the as-reflowed In-containing solder joints had a dimple-like, fractured surface structure, indicating a ductile microstructure because the thermally aged In-containing solder joints retained their ductile property well, while both the coarsened, fractured surface structure and excessive IMC growth of the thermally aged Sn-Bi solder joints at the interfacial boundaries is able to explain their mechanical degradation [15] .
Four different concentrations of Ni (i.e. 0.05, 0.1, 0.5, and 1.0 wt.%) were individually added to Sn-58Bi samples, and respective microstructure, tensile strength, elongation, and wettability of Sn-58Bi-xNi were subsequently measured [29] . The results indicate that Ni refined the microstructure of the solder matrix and induced the formation of the Ni 3 Sn 4 phase; furthermore, the formation and then continuously increasing concentration of Ni 3 Sn 4 were proportional to the increase of Ni added to the solder [29] . Thus, the optimal concentration of Ni added to enhance the solder's tensile strength should be less than 0.1 wt.% [29] . Nevertheless, the elongation of the alloy was in fact inversely proportional to the increase of the added Ni content, although the appropriate incorporation of Ni contributed positively to the wettability of the solder alloy [29] .
When the In content increased to 4% in the Sn-Bi alloy, tensile test results showed that the tensile strength increased slightly with the increase of added In, while the elongation first increased remarkably and then decreased after the addition of 2.5 wt.% In [13] . The diffused In was confirmed to participate in interfacial reactions, thereby forming Cu-Sn-In IMCs and affecting the wettability of the Sn-Bi solder on the Cu substrate [13] . Tensile strength changed slightly with increasing In addition, while the elongation increased remarkably with the addition of 2.5 wt.% In [13] .
The interfacial reaction kinetics, tensile strength, and creep resistance of the Sn-58Bi-xZn (x = 0.0 or 0.7 wt.%) solder samples during liquid-state aging were investigated [33] . With the addition of 0.7 wt.% Zn, ultimate tensile strength (UTS) values of the eutectic Sn-Bi solder increased by 6.05 and 5.50% after soldering and aging, respectively; those values for the Cu/Sn-Bi/Cu solder joints also increased by 21.51 and 29.27%, respectively [33] . The increase in strengthening of the Cu/Sn-Bi-xZn/Cu solder joints can be attributed to the phase transformation at each Cu/IMC/solder interface due to the formation of finer Bi grains according to the addition of Zn [33] .
The effect of Sb content on the mechanical properties of Sn-Bi solders was studied [18] . The mechanical properties of the solders/Cu joints were also evaluated [18] . The results show that the ternary alloy solders contain eutectic structures resulting from a quasi-peritetic reaction [18] . With the increase of the Sb content, the size of the eutectic structure increases [18] . A small amount of Sb has a large impact on the wettability of the Sn-Bi solders [18] . Reaction layers form during the spreading process [18] . Sb is detected in the reaction layer, while Bi is not detected [18] . The total thickness of the reaction layer between the solder and Cu increases with increased Sb [18] . The shear strength of the Sn-Bi-Sb solders also increases as the Sb content increases [18] .
The mechanical properties of the melt-spun Bi-42Sn, Bi-40Sn-2In, Bi-40Sn-2Ag, and Bi-38Sn-2In-2Ag alloys were studied using dynamic resonance and Vickers indentation techniques at room temperature and compared to the mechanical properties of the traditional Sn-Pb eutectic alloy [42] . The results show that the crystallographic structure of the Bi-42Sn alloy presents as a combination of body centered tetragonal Sn and rhombohedral Bi [42] . The two ternary alloys exhibit additional constituent phases of SnIn 19 for Bi-40Sn-2In and Ag 3 Sn for Bi-40Sn-2Ag alloys [42] . Attention has been paid to the role of IMCs in the mechanical and creep behavior [42] . The In-and Ag-containing solder alloys exhibited a good combination of higher creep resistance as compared with the Pb-Sn eutectic solder alloy [42] . This was attributed to the strengthening effect of Bi in the Sn matrix and the formation of InSn 19 and Ag 3 Sn IMCs, which act as grain refiners in the matrix material [42] .
Sn-57.6Bi-0.4Ag solder joints with different contents of CNTs and Ni-CNTs were investigated [35] . In particular, it was possible to improve the mechanical properties of the Sn57.6Bi0.4Ag solder joints by the addition of either CNTs or Ni-CNTs, and those with the addition of 0.05 wt.% CNTs or 0.07 wt.% Ni-CNTs showed the best mechanical performance [35] . With the addition of either CNTs or Ni-CNTs, the solder joints had rougher, fractured surface structures, resulting in better bonding properties. Although reinforcement with either CNTs or Ni-CNTs improved the mechanical performance of solder joints, Ni-CNTs worked much better [35] . Ni coating was proven to significantly inhibit the aggregation of CNTs, which can induce cracks and wetting problems and even deteriorate the strength of solder joints [35] .
Sn-Bi composite solders containing Ni-CNTs were successfully synthesized [43] . The mechanical properties of Sn-Bi with different weight percentages of Ni-CNT were investigated [43] .
The UTS and elongation of the Sn-Bi-0.05(Ni-CNT) solder with the optimized amount (0.05 wt.%) of Ni-CNTs increased remarkably because the CNTs and Ni 3 Sn 4 enhanced the wettability and bondability of the composite solder [43] . However, because of the presence of CNT clusters and the intrinsic brittleness of IMCs, the UTS and elongation degraded with increased addition of Ni-CNTs [43] . That is to say, the UTS of the solder joint reached its maximum value with 0.05 wt.% Ni-CNTs addition and then degraded after increased addition of Ni-CNT [43] . Moreover, the tensile strength of the composite solder was much higher than that of the pristine solder, and subsequently, the creep resistance and hardness of the Sn-Bi-0.05(Ni-CNT) solder increased significantly compared to those of the Sn-Bi solder [43] .
However, the hardness and the creep performance also decreased with 0.1 and 0.2 wt.% CNT content due to the same reasons mentioned above [43] . The CNT clusters and pore formation in the presence of the IMC with its intrinsic brittleness contributed to the decreases of hardness and creep performance [43] .
The mechanical strength and ductility of the eutectic Sn-Bi solder alloy were dependent on the incorporation of MWCNTs [44] . Mechanical test results show that the bending strength of the Sn-Bi-0.03CNT composite increased by 10.5% compared to that of the reference Sn-Bi alloy, which can be attributed to the reduction in Sn-rich segregation and to grain refinement [44] . In particular, the toughness of the Sn-58Bi-0.03CNT composite increased by 48.9% compared to that of the unreinforced Sn-Bi solder alloy [44] . In addition, corresponding fracture surface comparison between the Sn-58Bi-0.03CNT composite and the monolithic Sn-58Bi alloy was performed to identify the influence of CNTs on the fracture behavior [44] .
The effects of graphene nanosheets on the mechanical properties of the Sn-58Bi-0.7Zn solder joint were investigated [45] . Experimental results and finite element simulations showed that the best mechanical property improvement came from the 0.076 wt.% graphene nanosheetdoped Sn-58Bi-0.7Zn sample [45] . For the thermal aging samples, the UTS of the solder joint was also increased by 2.04% [45] .
The mechanical properties (the stress expansion and strain distribution during a single lap shear test) of the Sn-Bi-graphene nanocomposite according to the weight ratio of graphene were simulated based on the theoretical calculations of the finite element method [46] . The strength of the joint was found to be mainly influenced by the shear stress; initial cracking was found to occur at the edge of the joint [46] . The shear modulus of the Sn-Bi-graphene nanocomposite was 192% greater than that of the pure Sn-Bi alloy, when the content of graphene increased to 1.0 wt.% [46] . Stress concentration was found to exist near the edge of the graphene, where initial failure may occur [46] .
Graphene nanosheets were successfully incorporated at various percentages (0, 0.01, 0.03, 0.05, or 0.1 wt.%) into Sn-58Bi solder [19] . The tensile properties, wettability, corrosion resistance, microhardness, and creep behavior were subsequently improved [19] . Tensile and nanoindentation tests reveal that the composite solder with 0.1 wt.% graphene nanosheets leads to enhancements of about 14 and 38%, respectively [19] . With 0.01 wt.% graphene nanosheet addition, the elongation is 49% greater than that of the pure Sn-58Bi solder alloy [19] . The creep performance and the corrosion resistance are all enhanced by addition of graphene nanosheets [19] . The mechanism of enhancement of the graphene nanosheets of the performance of the composite solder alloy is also analyzed in this work [19] . Tensile tests reveal that the UTS of the solders rises gradually with graphene nanosheet addition; there is a 14% enhancement of tensile strength for the Sn-58Bi-0.1graphene nanosheet [19] . The huge enhancement of 49% in the elongation of Sn-58Bi-0.01graphene nanosheet and the establishment of a brittle to ductile fracture mode are induced by the strengthening effect of graphene nanosheets [19] . The wettability is improved with graphene nanosheet addition because the nanosheets lower the interfacial surface energy between the solder and the substrate [19] . Moreover, the corrosion resistance is distinctly enhanced in the Sn-58Bi-0.1graphene nanosheet, and this material retains a lower corrosion rate than that of Sn-58Bi [19] . The hardness and creep resistance leads to an obvious improvement due to the addition of graphene nanosheets [19] . The hardness is enhanced by 38%, when the addition of graphene nanosheets increases to 0.1 wt.% [19] . The enhancement of the creep behavior is further illustrated by the variation of the creep mechanism in the solder alloys [19] . Among the composite solders synthesized, the Sn-58Bi-0.1graphene nanosheet provides the best tensile strength and hardness with decreased ductility ( 
Strategies for enhancing the electrical and thermo-mechanical performance of low melting temperature solder materials
The electrical and thermo-mechanical properties of many different low melting point solders are affected by a variety of processing factors, such as the reflow temperature, time, flux used and its effectiveness, and temperature of measurement [15, 36, 37, 40, 41, 45] . Furthermore, the change of chemical composition of solders according to the addition of supplementary additives is also considered as a main factor that modifies or even improves a solder's electrical and thermomechanical properties [15, 36, 37, 40, 41, 45] . Three main methods are used to improve the electrical and thermomechanical performance of low melting point solders: (i) doping with a small amount of certain elements via diffusion reactions, (ii) alloying with a large amount of certain elements, and (iii) reinforcing with metal or ceramic elements. Sometimes, (iv) all of these methods are combined for the enhancement of the intended properties of low melting temperature solders.
Transient liquid phase bonding was conducted using the Sn-Bi solder with 30 wt.% Cu particles added [37] . However, this process caused the melting point of the solder joints to increase from 139 to 201°C; In addition, the solder joints contained large voids, resulting in a considerable degradation in shear strength [37] .
On a Cu substrate, the conventional Sn-58Bi solder was alloyed with 0.7 wt.% Zn to improve the interfacial reaction, tensile strength, and creep resistance during liquid-state aging [37] . However, the overgrown IMC layers between the Sn-58Bi solders and Cu substrates significantly degraded the reliability of the electronic products [37] .
Lin et al. added minor amounts of Ga, ranging from 0.25 to 3.0 wt.% to Sn-58Bi solder [14] . As a result, the growth of IMC layers was effectively suppressed [14] .
Hu et al. fabricated an Sn-58Bi composite solder reinforced with Al 2 O 3 nanoparticles to slow down electromigration and to improve the shear strength and microhardness [39] .
Four different concentrations of Ni (0.05, 0.1, 0.5, and 1.0 wt.%) were individually added to the Sn-58Bi solder [29] . The optimal concentration of Ni necessary to enhance the tensile strength of the alloy was 0.1 wt.%, but the elongation of the alloy was inversely correlated to the Ni content [29] .
Wojewoda-Budka and a coworker demonstrated excellent diffusion soldering process results for Bi-22 at.% In on Cu interconnections; this was proved by the presence of Cu 11 In 9 phase present in the Cu/In-22Bi/Cu interfaces in the temperature range of 85-200°C [47] .
Graphene nanosheets were successfully incorporated at various percentages (0, 0.01, 0.03, 0.05, and 0.10 wt.%) into Sn-58Bi solder; the microstructure, tensile properties, wettability, corrosion resistance, hardness, and creep behavior were significantly improved [19] .
Sun et al. introduced a low melting temperature Sn-57.6Bi-0.4Ag solder reinforced with different concentrations of MWCNTs or Ni-coated MWCNTs [35] . With the addition of MWCNTs and Ni-MWCNTs, the fractured surface of the solder joints became rougher, leading to a better bonding structure [35] . Though both MWCNTs and Ni-MWCNTs have the capability to improve the mechanical performance of solder joints, Ni-MWCNTs worked much better [35] . The Ni coating was proved to significantly inhibit the aggregation of MWCNTs, which can solve cracks and wetting problems and even improve the strength of solder joints [35] .
Concluding remarks
A recent trend in solder research mentioned that low melting temperature solder materials and their nanocomposite materials will be suitable for flexible interconnection applications in the near future. Thus, fabrications and/or syntheses, as well as elaboration of the electrical and thermomechanical properties, of various low melting temperature solder materials are discussed in detail. The various determination factors regarding the electrical and thermomechanical properties of solder materials are also elucidated with theoretical and experimental support. Subsequently, a promising approach to enhancing the performance of solder materials using supplementary additives, such as nanostructures, nanocomposites, alloying, and doping, is described with examples. It is possible to conclude that low melting temperature solders may enable significant advancement in interconnecting components in various applications and soldering technologies for the flexible microelectronic packaging industry.
